Changes in 44 compounds of yuzu (Citrus junos Sieb. ex Tanaka) steam-distilled peel oil (SDO) and possible artifacts that accrue during storage at 25℃ were investigated after 1, 2, 3, 4, 8 and 12 weeks. Changes in SDO composition during storage took place more rapidly than in cold-pressed oil. Total monoterpene hydrocarbons decreased markedly, with major losses of limonene and γ-terpinene and notable increases in p-cymene, as well as alcohols. Bicyclogermacrene, the main sesquiterpene hydrocarbon of the fresh oil, practically disappeared. (-)-Spathulenol, the main artifact, was converted from bicyclogermacrene. Antioxidants such as α-tocopherol, β-carotene and 2,6-di-tert-butyl-4-hydroxytoluene (BHT) slowed the formation of oxidation products, such as p-cymene, (-)-spathulenol by inhibiting the formation of oxidative products. This suggests that the antioxidants can be used to maintain yuzu oil quality.
Introduction
Yuzu (Citrus junos Sieb. ex Tanaka), which is native to China, has been cultivated for more than a thousand years, mainly in Japan and Korea. Presently, yuzu has greater commercial value compared to other sour citrus fruits; recently, annual production in Japan and Korea has been approximately 20,000 and 15,000 tons, respectively. In Japan, yuzu juice is commonly used in a Japanese salad dressing called "ponzu" in Japanese, and as a flavoring in various dishes and foods. The fruit peel is used to make marmalade and as an ingredient in cakes. "Yuzu kosho" (literally "yuzu and pepper"), is a spicy Japanese sauce made from green or yellow yuzu zest, green or red chili peppers, and salt. Yuzu tea is popular in Korea. The fruit is well known for its antioxidant activity, which is reportedly higher in the peel than in the flesh (Yoo et al., 2004) . It is known that the essential oil suppresses the formation of N-nitrosodimethylamine, a carcinogenic compound (Sawamura et al., 1999) . Recently, global demand for yuzu essential oil for use in fragrances and aromatherapy has been increasing.
Yuzu has a fresh, pronounced and strongly characteristic aroma compared to other citrus fruits. The volatile compounds of yuzu oil have been investigated by many researchers (Kusunose and Sawamura, 1980; Nishimura et al., 1969; Njoroge et al., 1994; Shinoda et al., 1970; Tajima et al., 1990; Yang et al., 1992) , who report large variations in the composition of identified compounds. For instance, bicyclogermacrene, germacrene D, and germacrene B were first isolated in yuzu cold-pressed oil (CPO) by Yoshihara et al. (1969) , but have not been widely reported by other researchers, who have instead identified bicycloelemene, T-cadinol, spathulenol, globulol, and eudesmol as the prominent sesquiterpenoids. These differences could be the result of variation in sample preparation methods, storage, or analytical conditions. Yuzu flavor is known to deteriorate rapidly during storage. The volatile compounds change significantly when yuzu oil is stored at room temperature, even for a period as short as one month (Njoroge et al., 1996) . Changes in the chemical composition of steam-distilled yuzu oil have not been studied, although the compositional changes of yuzu CPO have been reported (Njoroge, et al., 1996) . This paper examines the volatile composition of steam-distilled yuzu essential oil during long-term storage and the effect of some natural antioxidants on the quality of yuzu essential oil.
Materials and Methods
Materials Yuzu (Citrus junos) essential oil was obtained from an essential oil company, Ecology Shimanto Co., Inc., Japan, in March 2007. The essential oil was extracted by steam-distilling under reduced pressure. The oil was kept at -30℃ and it was used within one week after distillation. Reagents were purchased from Wako Pure Chemical Industries, Osaka, Japan; Aldrich Chemical Co., U.S.A.; Nacalai Tesque, Kyoto, Japan; and Fluka Fine Chemicals, Switzerland.
Storage conditions A 1-mL aliquot of essential oil was mixed with 100 µg of α-tocopherol, β-carotene or 2,6-ditert-butyl-4-hydroxytoluene (BHT) as an anti-oxidant and placed in a 4-mL brown screw vial (Maruem Co., Osaka) with an inner cap seal made of Teflon ® to minimize possible migration of chemicals from the bottle closure. The control contained no anti-oxidant. Methyl myristate was added to all samples in the ratio of 150:1 as an internal standard. The samples were stored in an incubator (PIC-101 Cool Incubator, As One Co., Tokyo) at 25℃ with the cap open for 3 min once a month. This experiment was carried out over a 12-week period from May to August 2007. Gas chromatography-mass spectrometry (GC-MS) Analysis was carried out with a GC-6890N (Agilent Technologies Inc.) coupled with a mass spectrometer JMS-Q1000 GTA (JEOL Datum Ltd.) with an ionization voltage of 1500 V and ion source temperature of 250℃. The GC column was a DB-Wax fused-silica capillary type (60 m × 0.25 mm i.d., 0.25 µm film thickness; J & W Scientific, Folsom, CA, USA). The column temperature was programmed to increase from 70℃ (2 min hold) to 120℃ at a rate of 2℃/min, then to 230℃ at a rate of 10℃/min (maintained for 15 min). The injector temperature was 250℃, and helium was used as the carrier gas at a flow rate of 0.8 ml/min. A 1-µL oil sample diluted with acetone (1:20) was automatically injected at a split ratio of 1:100. The results are expressed as w/w% on the basis of the internal standard method. The measurement was performed in triplicate. The formula for calculating weight percent is as follows:
Amount (w/w%) = (WS × AX) / (AS × WE) × 100 where WS is the weight of internal standard; WE is the weight of essential oil; AS is the peak area of internal standard; and AX is the peak area of compound X.
Identification of compounds Individual compounds were identified by comparing the retention indices (RI) with those of standards and noting the similarities of the mass spectra of compounds registered in the NIST 62 and 107 spectral libraries for GC-MS. The RI of the components and the standards were determined relative to a homologous series of n-alkanes (C7-C27) under the same GC-MS analytical conditions, using the DB-Wax column and DB-1 column (60 m × 0.25 mm i.d., 0.25 µm film thickness; J & W Scientific, Folsom, CA, USA). Tentative identification of compounds was carried out by GC-MS.
Results and Discussion
Fresh oil The observed composition of the individual volatile compounds of yuzu steam-distilled peel oil (SDO) is presented in Table 1 and a chromatogram of the original yuzu SDO is shown in Fig. 1 . The compounds are listed in order of elution on the DB-wax column; classification was based on functional group. Forty-six volatile compounds were detected in the original yuzu SDO before storage and 44 were identified. Thirty-one terpene hydrocarbons and 13 oxygenated compounds were identified with peak weight percentages of 98.1 ± 0.11% and 1.8 ± 0.01% (mean ± S.E.), respectively.
Monoterpene hydrocarbons accounting for 95.81 ± 0.16% of the total composition of oil were the predominant volatile group in yuzu SDO, followed by sesquiterpenes (2.18 ± 0.01%). Among the 16 monoterpene hydrocarbons identified in yuzu SDO, limonene, which is well known to be a principal component in general citrus oil, was the most prominent (72.65 ± 0.21%) (Eskin, 1979) . The relatively abundant monoterpene hydrocarbons in yuzu SDO were γ-terpinene (11.20 ± 0.01%), β-phellandrene (3.90 ± 0.01%), α-pinene (2.29 ± 0.01%), myrcene (2.22 ± 0.01%), β-pinene (0.92 ± 0.00%) and p-cymene (0.67 ± 0.00%).
Fifteen sesquiterpene hydrocarbons were identified in yuzu SDO. Among the sesquiterpene hydrocarbons, bicyclogermacrene was most abundant, accounting for 0.87 ± 0.01%, followed by (E)-β-farnesene (0.50 ± 0.01%). The presence of these compounds has been reported by Sawamura (Sawamura, 2000) , where germacrene B and D accounted for 0.02 ± 0.00% and 0.2 ± 0.00% of the total, respectively. These sesquiterpenes are common in citrus oils (Lan-Phi et al., 2006; Sawamura, 2000) . Other sesquiterpenes such as d-elemene (0.09 ± 0.00%), β-caryophyllene (0.18 ± 0.00%) and d-cadinene (0.10 ± 0.01%) were also identified in SDO.
Yuzu SDO contained eight alcohols, accounting for 1.70 ± 0.00% of the total. Linalool was the most prominent (1.32 ± 0.01%), followed by monoterpene alcohols such as thymol Table 1. (0.12 ± 0.01%), α-terpineol (0.09 ± 0.00%) and 4-terpinenol (0.09 ± 0.01%). In addition, very small amounts of sesquiterpene alcohols such as germacrene D-4-ol, α-cadinol and β-eudesmol were detected in yuzu SDO, along with three aldehydes and two esters. All aldehydes were present at trace levels. (Z)-Oxacyclotridec-10-en-2-one (0.09 ± 0.00%), referred to as yuzu lactone, was initially isolated from and identified in Medicago rugosa leaves (Doss et al., 1989) and was also detected in yuzu SDO.
The composition of yuzu SDO was compared with that of yuzu CPO (Lan-Phi et al., 2009) . The proportion of monoterpene hydrocarbons in the SDO (95.8%) was higher than that in the CPO (90.0-93.6%). On the other hand, the SDO contained sesquiterpene hydrocarbons (2.2 ± 0.01%) and alcohols (1.7 ± 0.00%) with a content that was approximately half of that of the CPO (4.5-3.3% and 4.0-2.7%, respectively). It may be difficult to extract sesquiterpene hydrocarbons and alcohols with high vapor pressure by steam-distillation, and lower molecular weight alcohols are apt to be lost by dissolution in distilled water. In addition, no (Z)-oxacyclotridec-10-en-2-one was found in CPO. This compound may have been formed by the heating of yuzu peel.
Changes in the composition of yuzu SDO during storage at 25℃ The relative compositional changes of yuzu SDO held in an incubator at 25℃ are presented in Table 1 . The behavior of compounds during storage was similar to that observed in the previous experiment in which yuzu CPO was stored at 20℃ for one year. However, the change in composition of SDO during storage took place more rapidly than in the case of CPO (Njoroge, et al., 1996) . One reason for this may be the difference in storage temperature between the two experiments. Another reason is the presence of natural nonvolatile antioxidants such as tocopherols, β-carotene and flavonoid. Those antioxidants are present in CPO, but not SDO.
The percentage of monoterpene hydrocarbons decreased from 95.81 ± 0.26% to 76.99 ± 0.05%. The proportion of most compounds other than p-cymene decreased. p-Cymene, which is known as the main substance causing off-flavor in citrus oil, can be converted from γ-terpinene by oxidation (Walton, 1984) . In fact, p-cymene increased from 0.67 ± 0.01% to 4.33 ± 0.40%, while γ-terpinene decreased from 11.20 ± 0.01% to 5.50 ± 0.44% during the 12-week period. It is also suggested that the formation of p-cymene plays some role in the cyclization and dehydration of citral (Okamura, 1983; Walton, 1984) . However, this pathway was not important in the yuzu SDO because it contained little citral. Some γ -terpinene may be converted to oxygenous compounds. Of the major relative losses of the other monoterpene hydrocarbons after 12 weeks at 25℃, limonene (from 72.65 ± 0.21% to 59.43 ± 0.28%), myrcene (from 2.22 ± 0.01% to 1.63 ± 0.04%), terpinolene (from 0.59 ± 0.00% to 0.24 ± 0.44%), α-terpinene (from 0.34 ± 0.00% to 0.04 ± 0.00%), α-pinene (from 2.29 ± 0.01% to 1.87 ± 0.02%), and β-pinene (from 0.92 ± 0.00% to 0.77 ± 0.01%) were prominent.
The proportion of sesquiterpene hydrocarbons also decreased from 2.18 ± 0.01% to 0.60 ± 0.00% after 12 weeks at 25℃, although the proportion of those compounds increased for CPO (2.1 to 3.5%). In particular, bicyclogermacrene disappeared from the SDO during the 12-week period. Bicyclogermacrene is thought to be a possible precursor of tricyclic sesquiterpenes, such as aromadendrene and allo-aromadendrene (Tressl et al., 1983) . However, the proportion of these tricyclic sesquiterpenes increased little during the 12-week period.
The proportion of alcohols increased from 1.70 ± 0.00% to 2.40 ± 0.02% after 12 weeks at 25℃. The proportion of alcohols such as linalool, 4-terpinenol, α-terpineol and some relative compounds, which were initially present in the SDO, decreased during the present experiment, while the levels of α-terpineol and the linalool increased due to autooxidation of limonene during storage of essential oil, as reported by Njoroge et al. (Njoroge et al., 2003) . Limonene and other monoterpene hydrocarbons in SDO were converted into artifacts p-menta-1-en-9-ol (0.03 ± 0.01%), p-mentha-1(7),8(10)-dien-9-ol (0.03 ± 0.00%), trans-p-mentha-2,8-dien-1-ol (0.04 ± 0.00%), cis-p-mentha-2,8-dien-1-ol (0.05 ± 0 .00%), cis-carveol (0.06 ± 0.01%), trans-carveol (0.05 ± 0.01%) and 4-isopropenyl-1-methyl-1,2-cyclohexanediol (0.22 ± 0.05%) by the end of the 12-week period. (Fig. 2) Of the artifacts, (-)-spathulenol (decahydro-1,1,7-trimethyl-4-methylene-1H-cyclopropylazulen-7-ol) was the main constituent (0.60 ± 0.05%). (-)-Spathulenol has been found to be an artifact in yuzu oil (Njoroge, et al., 1996) . Yuzu fresh CPO contained this alcohol only in trace (LanPhi, et al., 2009) . The increase in the relative percentages of the sesquiterpene alcohols could to some extent be attributed to possible reactions with the germacrene hydrocarbons. It is suggested that the possible isomerization of bicyclogermacrene to tricyclic sesquiterpenes, such as aromadendrene and allo-aromadendrene and the subsequent oxidation of these isomers, could also have led to the formation of spathulenol (Nishimura, et al., 1969) (Fig. 3) . In this storage study, oxidization of bicyclogermacrene to epoxide and its isomerization were favored based on detection of only trace amounts of tricyclic sesquiterpenes in the stored SDO during the 12-week period. The proportion of oxygenous compounds such as alcohols, carbonyl compounds and oxides increased from 1.82 ± 0.01% to 2.72 ± 0.05% during the 12-week pe- riod. The proportions of limonene, γ-terpinene, p-cymene, bicyclogermacrene, spathulenol, 4-isopropenyl-1-methyl-1,2-cyclohexanediol and the concentration of oxygenous compounds changed considerably during storage. Therefore, the proportions of those compounds can be used as an index of oxidation level of yuzu oil.
Effects of antioxidants on yuzu SDO quality preservation Changes in the concentrations of limonene, γ -terpinene, p-cymene, bicyclogermacrene, spathulenol and 4-isopropenyl-1-methyl-1,2-cyclohexanediol in yuzu SDO (to which antioxidants such as α-tocopherol, β-crotene or BHT were added) is shown in Fig. 4 . The percentage of limonene, γ-terpinene and bicyclogermacrene in the SDO containing α-tocopherol decreased from 72.66 ± 0.26% to 64.08 ± 0.33%, from 11.50 ± 0.00% to 8.92 ± 0.44% and from 0.87 ± 0.01% to 0.34 ± 0.03% and those of p-cymene and spathulenol increased from 0.67 ± 0.01% to 1.42 ± 0.12% and from 0 ± 0.00% to 0.41 ± 0.01%, respectively, during the 12-week period. 4-Isopropenyl-1-methyl-1,2-cyclohexanediol was not detected. The number of detected oxygenous compounds in the SDO with α-tocopherol increased to only 20 during the 12-week period, although the number for the no antioxidant group increased to 41. The proportion increased from 1.82 ± 4-isopropenyl-1-methyl-1,2-cyclohexanediol 0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12 0.02% to 2.08 ± 0.04% in the SDO containing α-tocopherol (from 1.82 ± 0.01% to 2.72 ± 0.05% in that without antioxidant) ( Table 2 ). These results indicate that the oxidation of monoterpene hydrocarbons to oxygenous compounds were suppressed by the antioxidants. α-Tocopherol is suggested to restrain the formation of oxygenous compounds by capturing radicals generated by the oxidation of limonene. The resulting complexes were not directly involved in changes in fragrance because they either have a high boiling point or are nonvolatile compounds. Those compounds showed a slight change in composition in the first 4 weeks. The changes in the compounds in the oils with antioxidant by the 8th and 12th weeks were also smaller than those in the oil without antioxidant. The behavior of compounds in the yuzu SDO with β-carotene or BHT was similar. Therefore, the addition of antioxidants could preserve yuzu oil quality by inhibiting the formation of oxidative products. 
